Temporal lobe epilepsy a b s t r a c t Purpose: Some previous studies have suggested that invasive ictal recording may be omitted in patients with medically refractory temporal lobe epilepsy (TLE) that have localizing scalp ictal recordings despite having normal magnetic resonance imaging (MRI). We investigated if and how often invasive ictal recording provided additional information to their presurgical evaluations.
Localization by scalp ictal recording, invasive ictal recording, and surgical procedures were obtained from medical records. Primary outcome was measured by comparing the concordance of localization by scalp and invasive ictal recordings and surgery to determine if invasive ictal recording provided additional information.
Results: Twenty-five patients were included in the analysis. Invasive ictal recordings were concordant in 72.0% (18/25) of the patients with unilateral temporal onset found on scalp ictal recording. 28.0% (7/25) of patients had their surgical plan altered by the results of invasive ictal recording. 61.1% (11/18) of patients who received anterior temporal lobectomies (ATL) remained seizure-free. Of the patients who received different surgeries based on invasive ictal recording, 80.0% (4/5) remained seizure-free.
1.

Introduction
Two million people have been diagnosed with epilepsy in the United States, 1 of which, more than 20% are medically refractory. 2 Temporal lobe epilepsy (TLE), with a specific pathophysiology of hippocampal sclerosis (HS), is the most common form of focal epilepsy and is most medically refractory. 3, 4 In patients with newly diagnosed epilepsy, failure to control their seizures after trials of two antiepileptic medications indicates a less than 5% chance in rendering them seizure-free with a third or fourth agent.
5
Patients with medically refractory TLE and HS may be candidates for anterior temporal lobectomy (ATL), which has been reported to be 50-85% successful in rendering the patients seizure-free. [6] [7] [8] [9] Ictal scalp EEG recordings have long been used to localize the epileptogenic zone for surgical resections. 10, 11 History of febrile seizures, the presence of signal/volume change on magnetic resonance imaging (MRI), and interictal/ictal EEG/MRI concordance have been shown to be predictors for good surgical outcome, i.e., post-operative seizure-freedom. 12, 13 Investigators have further demonstrated that interictal epileptiform discharges (IEDs) on scalp EEG, when concordant with MRI and/or FDG-PET abnormalities, correspond to good surgical outcome in patients who subsequently undergo ATL for treatment of their medically refractory TLE. [14] [15] [16] [17] Various neuro-imaging modalities are used to identify specific structural and physiologic abnormalities in patients undergoing pre-surgical evaluations. 18 MRI has become an integral part of pre-surgical evaluation in these patients. [19] [20] [21] [22] In a study of 222 patients with medically refractory TLE, Scott et al. found that 18% of them had no signal or volume abnormality on MRI. 23 Other investigators have shown that the surgical outcomes in these patients have improved over the past 15 years, from 16-27% seizure-free to 41-60%. [24] [25] [26] [27] [28] Some of the studies have gone further to suggest that invasive ictal recording may be omitted in some of these patients, in the setting of limited resources (though careful attention to subtle MRI findings and poorer surgical outcomes were emphasized). 28, 29 Therefore, we sought to estimate the additional yield of invasive recordings to the pre-surgical evaluations in patients with medically refractory TLE and normal MRI.
Methods
This study was approved by the institutional review board at the University of Florida. Adult patients were identified from the University of Florida Comprehensive Epilepsy Program epilepsy surgery database as to if they underwent pre-surgical evaluation for medically refractory TLE between 1991 and 2006, had normal pre-operative MRI by report, and at least 6 months of post-operative follow-up. Historical clinical data, results from video-EEG monitoring, MRI, and histopathology were obtained from medical records. All MRI studies were performed on 1.5T magnetic resonance scanners (GE Signa or Siemens Sonata). Preoperative MRI sequence protocol included: spin echo T1 in sagittal plane, fast T2-w FLAIR in axial and coronal planes, fast spin echo T2-w sequence with the gantry angled to be orthogonal to the long axis of the hippocampus, axial DWI (diffusion weighted) sequence, and axial 3D MP Rage (T1-w) obtained in axial plane but capable of reconstruction in any plane. The slice thickness and interleave gap were 4 mm/ 1 mm for all but the gradient T1-w sequence, which was 1.5 mm thickness. Patients were excluded because of reported MRI lesions, such as neoplasm, cortical dysplasia, HS, or vascular malformations. Patients with subtle or questionable MRI findings, at the time of the decision to proceed with resective epilepsy surgery, were also excluded.
All scalp EEG were recorded with the international 10-20 system with added mandibular electrodes (MN1/2). EEG data was acquired on Nicolet BMSI 6000, Viasys, and XLTek systems, sampling at 256 Hz. Invasive EEG was recorded on Nicolet BMSI 6000 and Viasys systems at a sampling rate of 256 Hz, with either implanted subdural grid electrodes or bilateral depth electrodes (through an occipital approach), with concurrent scalp EEG recordings. The ictal EEG data were obtained during the in-patient video-EEG monitoring study, continuously in sleep and wake cycles and during routine activation procedures, i.e. hyperventilation and photic stimulation. The interictal EEG data were obtained during the inpatient video-EEG monitoring study, as well as routine outpatient EEG. All EEG reports were reviewed without prior knowledge of the patients' post-operative outcome to obtain information on electrographic localization of seizure onset and IEDs.
The diagnosis of TLE and the localization of seizure onset were obtained from medical records. Localization by scalp ictal recording was divided into left-temporal, right-temporal, bitemporal, and extra-temporal. Localization by invasive ictal recording was classified as left/right mesial/lateral temporal, bi-temporal, extra-temporal, and multifocal. Surgery was categorized as left/right ATL, extra-temporal resection, and no surgery. Surgical outcome was assessed and classified according to Engel classifications of seizure-freedom. 30 Our primary analysis compared surgical outcomes to the concordance of localization by scalp and invasive ictal recordings to determine if invasive ictal recording provided additional information. 
Results
Patient demographics
In this retrospective review of 302 patients with intractable TLE who underwent pre-surgical evaluation, we identified 45 patients who had normal MRI. Eleven of the 45 patients were excluded due to incomplete medical records, and two other patients were excluded due to other medical issues during the course of their pre-surgical evaluation. The patients were followed up post-operatively between 6 and 135 months, with the median follow-up period of 20.5 months. Their ages ranged from 19 to 58. All patients had tried at least three anti-epileptic medications and continued to experience seizures, at least monthly seizures, prior to surgery.
EEG
See Fig. 1 for overview of patient evaluations and surgery. Of the 32 patients in the study, scalp ictal EEG identified four patients as extra-temporal onset and three patients as bitemporal independent onset, and they were excluded from the analysis. Of the remaining 25 patients, 11 patients were identified by scalp ictal EEG as right-temporal lobe onset and 14 patients were identified as left-temporal lobe onset. Ten of the 11 patients identified as right-temporal lobe onset were found to have concordant in scalp and invasive ictal recordings whereas eight of 14 patients identified as left-temporal lobe onset on scalp ictal recordings were concordant in their invasive ictal recordings. Therefore, invasive ictal recordings were concordant in 72.0% (18/25) of the patients with unilateraltemporal onset found on scalp ictal recordings, and these patients underwent ATL on the respective sides. Seven of the 25 patients (28.0%) had their surgical plan altered by the results of invasive ictal recording. Five patients underwent surgical resections other than ATL, e.g., neocortical resections beyond the standard ATL. One patient was not offered surgery due to the findings of multifocal seizure onset areas in the invasive ictal recordings. The other patient was not offered surgery as his epileptogenic zone was found to be extra-temporal and was functionally mapped to eloquent cortex.
Histopathology
Refer to Table 1 for histopathology and surgical outcomes in 23 patients who underwent surgical resection. HS was seen in i n t e r n a t i o n a l j o u r n a l o f e p i l e p s y 2 ( 2 0 1 5 ) 6 6 -7 1 only three of the 23 specimens, heterotropia in two, and vascular malformation was seen in one specimen. Of the remaining 17 specimens, 2 demonstrated non-specific gliosis and 15 were normal tissues. 
Surgical outcome
Discussion
Our results validate previous reports that invasive ictal EEG recordings have an important role in the pre-surgical evaluation in patients with medically refractory TLE and normal MRI of the Brain. [31] [32] [33] [34] [35] [36] In our study, findings from the invasive ictal recordings demonstrated a 28.0% discordance with the scalp ictal recordings in patients with medically intractable TLE and normal MRI. This discordance either modified the type of surgery actually performed or resulted in the decision to not offer resective epilepsy surgery. Invasive ictal EEG recordings revealed different epileptogenic zones in their ictal scalp EEG in seven of 25 patients (1/11 right-temporal onset and 6/14 lefttemporal onset). Of these seven patients, five received neocortical resections beyond standard ATL with 80% (4/5) of them becoming seizure-free. More importantly, the invasive ictal EEG recording of one patient showed multi-focal ictal onset, and in the other patient, the invasive ictal EEG recording demonstrated an extra-temporal ictal onset that was functionally mapped to an eloquent cortex. Thus, these two patients were not offered surgery because of the findings of their invasive ictal EEG recordings. We could not assess whether a standard ATL in the 5 patients who had a tailored resection based on invasive recordings would have also resulted in a seizure-free outcome. This should be weighted against the added risk of morbidity and mortality associated with invasive recordings. Our study has numerous limitations. First and foremost, this is a retrospective study with inherent limitations. The number of patients with truly negative MRI findings has been decreasing with the advent of higher resolution MRI studies that were not available with the earlier patients in this study. However, despite the advancement in MRI technology, 40-48% patients with intractable TLE undergoing pre-surgical evaluation were found to have negative high-resolution MRI, 37, 38 which is a larger fraction of normal MRI than in our patients. Bell et al. who advocated not precluding patients with MRI negative TLE as candidates for resective epilepsy surgery stressed the importance of evaluating MRI of the brain for subtle abnormalities. 29 As the surgical decisions were based on the interpretations of the MRI and EEG recordings at that time, we decided not to reinterpret the studies in our series. 26 In those patients, all had ictal surface EEG recordings and six also underwent placement of subdural strip electrodes bilaterally over the lateral and mesial temporal surfaces for invasive ictal EEG recordings. However, it is unclear how many of the patients who had only ictal surface EEG recordings prior to their ATL were among the 11 who were seizure-free at follow-up. In the study by Bell et al. of 40 patients with medically refractory TLE and normal MRI who underwent ATL, 60% (24/40) were seizure-free. 29 Only nine patients underwent invasive EEG monitoring, in whom only 33% (3/9) became seizure-free post-operatively. Although the remaining 31 patients had only ictal surface EEG recordings, 93% (37/40) of all the patients underwent intra-operative recordings via subdural strip electrodes over the superior and inferior temporal gyri, and depth electrodes orthogonally through the middle temporal gyrus into the amygdala and hippocampus in order to guide the resections. These studies demonstrated that a subgroup of patients with medically refractory TLE and normal MRI can achieve good surgical outcome. However, these studies examined the surgical outcome in patients who had already undergone ATL, with and without preceding invasive ictal EEG recordings. 26, 29 Therefore, these studies could not demonstrate whether invasive ictal EEG provided additional information and thus cannot be used to determine if it can be obviated from the presurgical evaluation in patients with medically refractory TLE and normal MRI. In contrast, the primary outcome in our study was measured by comparing the concordance of localization by scalp and invasive ictal recordings and the type of surgery to determine the additional information invasive ictal recordings provided. In our study, the post-operative seizure-freedom rate for patients who underwent AMTL was 61.1%, comparable to that in other studies. An additional 27.8% of them had significant reduction in seizure frequency (Engel Classification II). In the patients who received neocortical resections in addition to ATL because of findings on their invasive ictal EEG recordings, the post-operative seizure-freedom rate was 80.0%. However, the higher percentage may be accounted for by the low number of patients in this subgroup (4/5). The one patient who did not become seizure-free had significant reduction in seizure frequency (Engel Classification II). As expected, HS is often not seen on histological exam of resected tissue in patients with TLE and normal MRI.
In summary, invasive ictal EEG recordings can provide additional and, at times, important information, although they are mostly concordant to non-invasive recordings. In our study, the information obtained from the invasive ictal recordings extended the neo-cortical resection in five patients, who otherwise would have received a standard ATL resection and precluded two from receiving surgery (28.0%). Therefore, this study may provide some useful information to both
clinicians and patients as to the yield of invasive ictal recordings in the pre-surgical evaluation of patients with intractable TLE and normal MRI of the brain.
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